It is well known that when the fused silica is irradiated with focused femtosecond laser beams, space selective chemical etching can be achieved. The etching rate depends sensitively on the polarization of the laser. Surprisingly, we observe that by chirping the Fourier-transform-limited femtosecond laser pulses to picosecond pulses, the polarization dependence of the etching rate disappears, whereas an efficient etching rate can still be maintained. Observation with a scanning electron microscope reveals that the chirped pulses can induce interconnected nanocracks in the irradiated areas which facilitates efficient introduction of the etchant into the microchannel. The reported technology is of great use for fabrication of three-dimensional (3D) microfluidic systems and glass-based 3D printing.
Introduction
Femtosecond (fs) laser has become a powerful tool for fabricating three-dimensional (3D) microstructures in transparent materials, which is enabled in either additive/subtractive manners or an internal modification fashion [1] [2] [3] . For glass materials, the subtractive fabrication can be realized through irradiating the glass with focused fs laser beams to induce a space selective etching in chemical etchants [4] [5] [6] [7] [8] . This approach has been used for fabricating various microfluidic devices and optical components [9] [10] [11] . Intensive investigations reveal that for fused silica, the highest selectivity in the etching rate results from formation of selforganized nanograting structures oriented perpendicular to the polarization direction of the fs laser beams, which facilitates to efficiently introduce the etchants into the fabricated microchannels [12] [13] [14] [15] [16] . The polarization dependence of the etching selectivity requires the use of circular polarization or adaptive rotation of the polarization direction in writing 3D microfluidic channels, giving rise to additional complexity in the fabrication process [15, 16] .
Here we report on an interesting and extremely useful observation which appears against the consensus of highly selective etching facilitated by nanograting formation as mentioned above. We systematically examine the dependence of etching rate on the laser polarization at different pulse durations in the range between hundreds of femtoseconds and ten picoseconds. Our results reveal an unexplored regime of interaction of intense ultrashort laser pulses with glass where neither nanogratings nor nanovoids but randomly oriented nanocracks are formed. More importantly, we achieve a high selectivity in the etching rate which is insensitive to the laser polarization. The observed characteristic is useful for producing various kinds of microfluidic structures of complex 3D geometries in glass.
Experimental
In our experiments, fused silica glass samples (Corning 7980) with a size of 10 mm×10 mm×2 mm were used as processing substrates. As illustrated in Figure 1a , an ultrashort laser system (Light Conversion, Pharos-20W) with a central wavelength of 1026 nm, a repetition rate of 50 kHz, a variable pulse duration ranging from 270 fs to 10 ps was employed for laser direct writing. The laser beam was focused 300 μm underneath the glass surface with an objective lens possessing a numerical aperture (NA) of 0.45. The average power of laser beam was tuned using a variable neutral density filter. To evaluate the dependence of the etching rate on various combinations of pulse duration, polarization and laser power, we scanned groups of lines (each group contains five parallel lines) with a length of 10 mm and a line spacing of 50 μm under the different conditions. The five lines in each group were written under the same condition, and the measurements were performed by averaging the data obtained from the individual lines in the same group. The pulse durations of the laser beam were set at 0.27, 1, 2, 4, 6, 8, 10 ps when the laser powers were set at 100, 200, 300, 400 mW, respectively. To evaluate the influence of linear polarization on the subsequent chemical etching, the θ is defined as the angle between the direct writing direction and the polarization direction. Laser writing in both polarization directions (⊥, θ=90°) and (∥, θ=0°) were performed (see Figure 1b) . Moreover, a quarter waveplate was inserted in the light path shown in Figure 1a when the circularly polarized beam (Ο, circular) was used. The writing speed was maintained at 500 μm/s throughout the experiment.
After the laser irradiation, the glass samples were grinded and polished to remove the end of the laser-written tracks as the focal spot of the laser beam was spoiled when approaching the end facets due to refractive index mismatch at glass/air interfaces. Then, the samples were immersed in a 10 mol/L KOH solution to undergo an ultrasonic bath at 85 C for 1 hour. After the chemical etching, the glass samples were examined by an optical microscopy (Olympus, BX53), by which the length of the etched channels were determined. To investigate the modification mechanisms under the different irradiation conditions, the modified glass samples were grinded and polished to expose the modification tracks. The morphology of the modification tracks was revealed by briefly etching the polished samples in a 10 mol/L KOH solution for 10 min. Afterwards, the nanostructures formed in the laser irradiated regions were observed by SEM (Hitachi, S4800). Figure 2 presents the 1-hour KOH etching efficiencies of the laser modified lines under the different irradiation conditions. The influence of pulse durations on the etching rates can be divided into two regimes: 0.27 ps (270fs) ~ 4ps and 4~10 ps. In the regime between 0.27 ps and 4 ps, one can see a strong dependence of the etching rate on the polarization of the laser beam. The etching rates obtained with linearly polarized (R ⊥ , θ=90°) laser beams are significantly higher than that obtained with the circularly polarized laser beams (RΟ, circular) and the linearly polarized (R∥, θ=0°) laser beams. In particular, an etching rate of 766.3±22.2 μm/hour can be obtained with the linearly polarized laser beams (R⊥) at 2ps when the laser power is set at 400 mW (see Figure 1d and Table 1 ), which is the highest etching rate obtained in our investigation. It is well known that the dependence of etching rate on the writing laser polarization originates from the formation of nanogratings in fused silica under the repeated irradiation with ultrashort laser pulses [17] [18] [19] [20] . It can be inferred that the etching behaviors in this regime is dominated by the existence of nanogratings induced by ultrashort laser pulses. In contrast, in the regime between 4 ps and 10 ps of the pulse durations, the etching results appear very different. The etching rates obtained with the circularly polarized laser beams (RΟ) and the linearly polarized (R∥) laser beams dramatically increase as shown in Figure 2 , whereas the rate obtained with the linearly polarized (R⊥) laser beams decreases. Eventually when the pulse duration reached 10 ps, the dependence of etching rate on the writing laser polarization almost disappear (i.e., without noticeable difference in the two cases). The optical microscope images of 1-hour KOH etching of modified structures at 8ps, 300 mW shown in Figure 3c clearly demonstrates a polarization-insensitive etching as compared with the results in Figures 3a (0.27 ps) and 3b (2ps). As shown in Figure 1d and Table 1 , when the pulse duration is increased to 8 ps at 400 mW, the average etching rates achieved with the linearly polarized laser beams R⊥ and R∥ as well as the circularly polarized laser beam RΟ are ~633, ~535, and ~530 μm/hour, respectively. The ratio of the corresponded etching rates obtained under the different polarization conditions (R⊥: R∥: RΟ) with the 8 ps pulses is only ~1.2:1:1, which is very different from the ratio of ~7.6:1:4 obtained with the 2 ps pulses (see Table 1 ). The disappearance of polarization sensitivity is an indication of the disappearance of the nanogratings which will be revealed below. Moreover, when the laser power increases from 200 mW to 400 mW in the regime between 4 ps and 10 ps, the etching rates tend to be saturated, which is also different from the case of the regime between 0.27 ps and 4 ps (Figures 2b, 2c and 2d). Therefore, the etching behavior in the regime between 4 ps and 10 ps is dominated by a new mechanism instead of the nanograting formation.
Results

Discussion
To understand the high etching rates independent of the laser polarization obtained in fused silica with the ps laser irradiation, we polished the irradiated samples to expose the laser modified regions. The samples were then undergone a brief chemical wet etching in KOH for 10 min to disclose the nanometer scale morphologies in the modified structures which are shown in Fig. 4 . It can be seen that when irradiated with the linearly polarized fs laser pulses, nanogratings are formed in fused silica which help accelerate the refreshment of etchant in the fabricated microchannels (see the left and middle panels of Fig. 4a ). The well-organized nanogratings are transformed to random nanostructures when the linear polarization of the fs laser pulses is switched to circular polarization, as shown in the right panel of the Fig.4a . These results are consistent with the previous reports on the fs laser induced selective etching in fused silica. Moreover, when the fs laser pulses are extended to 1 ps and 2 ps as shown in Figs. 4b and 4c, instead of the familiar nanogratings randomly oriented nanocracks start to appear in the laser modified area. Furthermore, when the pulse duration is extended to 4 ps, the random nanocracks prevail against the nanograting structures (see Fig. 4d ). Therefore, the highest etching rate achieved at 2 ps pulse duration could be ascribed to the synergetic contribution from the nanogratings and the interconnected random nanocracks. Moreover, the determinative role of nanograting formation in the ultrashort laser induced selective etching in the regime between 0.27 ps and 4 ps is confirmed.
In contrast, when the laser pulse duration increases to above 4 ps, the laser modified areas are dominated with the randomly oriented nanocracks instead of the nanogratings, as shown in Figs. 4e and 4f. It is reported that the nanograting structures could still be formed even with 8 ps pulses at a higher repetition rate (200 kHz) when a higher NA (0.65) objective lens was used [20] . Thus, it is worth noting that the results presented here are dependent of the focal condition and laser repetition rate. The physical mechanism behind the formation of such nanocracks is unclear which might be associated with the different energy deposition as well as the stress buildup mechanisms in the interaction of picosecond laser with the transparent dielectrics as compared with the fs laser interaction counterpart [21] [22] [23] [24] [25] [26] [27] . The high stress is also indicated by the fact that the nanocracks in the laser modified areas are preferentially oriented along the laser scan direction when irradiated with the circularly polarized pulses (Figs. 5d, 5e and 5f). Nevertheless, from an application of point of view, the new interaction regime enabled with the picosecond laser pulses for polarization-insensitive space-selective etching is of great use for fabrication of 3D microstructures in fused silica, as the necessity of dynamic adjustment of direction of the laser polarization is eliminated (see Table 1 ). To showcase such a capability, we fabricated an array of triangle loops of microchannels in fused silica using linearly and circularly polarized fs and picosecond laser pulses and compared the results as shown in Fig. 5 . Clearly, the picosecond laser direct writing in the regime of 4~10 ps (Figs. 5c, 5d, 5e and 5f) provides uniform etching rates in all the segments regardless of their orientations, whereas in the regime of 0.27~2 ps (Figs. 5a and 5b) , only the segment orientated in the same direction as that of the nanograting can be etched at a decent removal rate, which are consistent with the results in Figure 2 . 
Conclusion
To conclude, our investigations reveal a new region of interaction of ultrashort laser pulses with fused silica which does not form either smooth modification (i. e., region 1) and nanograting (i.e., region 2) or nanovoid (i.e., region 3) as reported previously [1, 10, [17] [18] [19] [20] . It is shown that the picosecond laser irradiation can produce interconnected nanocracks which are preferentially oriented along the laser scan direction. The revealed characteristic is used for fabricating microfluidic channels along different directions to achieve the high etching rates insensitive to the writing laser polarization state. 
